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Introduction and terminology
The exploration of new space during cell migration is mediated by protrusion of actin-rich organelles at the cell front, followed by their adhesion to extra-cellular matrices or cells and by cell body translocation. The best-characterized protrusive structure is the lamellipodium, comparable to the "pseudopod" in Dictyostelium, which is built of a dense meshwork of branched or crosslinked actin filaments [1, 2] . Continuous lamellipodia protrusion and ruffling is frequently accompanied by the formation of bundles of parallel actin filaments, most frequently termed filopodia [3] , which are particularly prominent in individual cells such as fibroblasts or axonal growth cones, but also at the free front of migratory tissue sheets. Wellknown examples for the latter are found during developmental stages in Drosophila and C.
elegans, called dorsal closure and ventral enclosure, respectively, in which filopodia from opposing tissue layers approach each other and contribute to the zippering of these epithelial layers [4] . B16-F1 melanoma cell or fibroblast lamellipodia frequently contain actin filament bundles remaining embedded in these structures during continuous protrusion, which we refer to as microspikes [3] and which can develop into filopodia by protruding beyond the lamellipodium edge [••5 and Figure 1b ]. According to this definition, microspikes never bend to protrude beyond the xy-plane of the lamellipodium, while filopodia frequently do.
Anchorage of filopodial shafts in substrate contacts called focal complexes [6] may support the latter behaviour, while microspikes have been implicated in the initiation of these nascent contact sites below the lamellipodium [2] . Since the orientation of the large majority of microspike bundles is not perpendicular to the lamellipodium front, their protrusion, which is exclusively driven by actin polymerization at their tips [7] , is accompanied by significant lateral movement with respect to the substrate and the lamellipodium, with rapid changes in direction, thereby causing frequent collision and fusion of individual microspikes or filopodial bundles [3] . However, the molecular hardware driving this complex dynamic behaviour is largely elusive. Interestingly, non-protrusive peripheral actin filament bundles known as retraction fibres and frequently associated with the sides or rear of a migrating cell can develop into filopodia when protrusion resumes [••5] . Other cellular processes that were proposed to be related to filopodia include myopodia on differentiating muscles cells [8] , lymphocyte and brush border microvilli or stereocilia on cochlear cells [9, 10] .
Signalling to filopodia formation
Similar to other prominent cellular actin-based structures such as stress fibres or membrane ruffles, several signalling pathways have been proposed to drive the protrusion of filopodia.
Not surprisingly, most of them involve activation and subsequent effector binding of Rhofamily GTPases [11] . The paradigm of such a signalling pathway in vertebrates certainly constitutes Cdc42-mediated filopodia formation [6] , which was most frequently proposed to be driven by direct interaction with proteins of the WASP subfamily (haematopoietic WASP and ubiquitous N-WASP), well-established activators of Arp2/3-complex-catalysed actin filament assembly [12] . Initial studies have shown that Cdc42 activation, stimulated for instance by bradykinin treatment, causes microspike/filopodia formation [13] , which in many cell types is amplified by simultaneous suppression of Rac activity [6] . Two lines of evidence formation, although the molecular mechanism linking these kinases to actin assembly remained elusive [30] .
Besides Cdc42, activation of several of the 22 mammalian Rho-GTPases has recently also been described to induce filopodia formation [31] , such as the Cdc42 subclass GTPase Wrch- Thus, bundling activity may be a key feature of filopodia formation, as also evidenced by the implication in this process of proteins such as IRSp53/MIM or fascin [52, see also Figure 2 ], although the relative contribution of all these proteins to filament bundling in filopodia remains to be established.
In addition to proteins required for nucleation, elongation and cross-linking of actin, there is increasing evidence for involvement of unconventional myosins in filopodium formation.
Mammalian myosin-X accumulates at the tips of growing filopodia and its over-expression induces formation of these structures [•53]. Myosin-X interacts with ß-integrins through its
FERM domain and downregulation of myosin-X by RNA interference affects integrinmediated cell adhesion, which led to the proposal that myosin-X may productively link the actin cytoskeleton to integrins during cell adhesion or filopodia formation [54] . Although Dictostelium cells lack a true myosin-X orthologue, they express the related myosin-VII.
Similar to myosin-X, myosin-VII is strongly enriched in filopodia tips, and Dictyostelium mutants lacking this protein display impaired adhesion, a decreased rate of phagocytosis and an almost complete lack of filopodia [•55]. Moreover, a recent search for myosin-VII binding proteins led to identification of the adhesion-associated talinA [56] , which had been implicated in filopodia formation previously. Finally, interaction of myosin-X with Mena implicated a role in Ena/VASP delivery to filopodia tips [57] . Together, these results suggest that specific unconventional myosins function in actin-based transport of cell-adhesion molecules and possibly other cargo during adhesion and/or filopodia extension. Additional evidence for the role of unconventional myosins in cargo delivery to the tips of actin-filled protrusions has also been obtained from the analysis of stereocilia on hair cells in the inner ear. A number of myosins including myosin Ic, VI, VIIa and XVa are essential for proper stereocilia formation , and mutations in these genes lead to hearing loss and balance disorders in vertebrates and Drosophila [58] . Of these, only myosin-XVa is exclusively localized to the apices of stereocilia and was shown to target the PDZ domain-containing protein whirlin to stereocilia tips -and also to the tips of filopodia upon expression of both proteins in COS cells. Most significantly, myosin-XVa-mediated whirlin recruitment required the respective interaction surfaces for each partner protein and a functional motor domain of the myosin [••59] . Although the precise functions of most of these motor proteins still remain to be established, these findings strongly suggest that a plus-end directed motor activity is required for accumulation of constituents at the tips of stereocilia and filopodia.
Concluding remarks
In recent years we have witnessed significant progress in our understanding of the molecular regulation of protrusive cell-membrane structures like lamellipodia and filopodia. Several Comprehensive study demonstrating a positive correlation between filopodial protrusion and phosphotyrosine labelling in filododia tips of Xenopus neuronal growth cones. Cdc42, Src and PAK family kinases co-localize in the filopodial tip complex and both Cdc42 and Src activity are implicated in signalling to tyrosine phosphorylation and PAK recruitment promoting filopodia protrusion.
•20. Interesting study describing a Cdc42-independent signalling pathway of filopodia induction mediated by Abl tyrosine kinase activation during cell spreading, which involves tyrosine phosphorylation of the p62 docking protein (Dok-1) and engagement of Nck SH2/SH3 adaptors. Important study showing that capping protein activity is strictly regulated in cells. The murine homologue of CARMIL decreased capping protein affinity for barbed ends, and its down-regulation in cells severely compromised protrusion, demonstrating for the first time that excess capping protein activity does not promote but counteract lamellipodia protrusion.
• In this elegant study TIRF microscopy was employed to demonstrate that formin-mediated elongation of actin filaments occurs by insertion of actin subunits between the formin and barbed ends during filament assembly and allowed for the first time to measure the force generated in this process.
• First study to show that myosin-X accumulates at filopodia tips and that its over-expression increases the length and number of filopodia. Table 1 ). In addition, the FTP may contain proteins required for both actin filament nucleation and for reorganization of pre-existing filaments. The latter step is thought to include the removal of capping proteins from actin filament barbed ends and subsequent filament elongation by actin monomer addition (blue squares). Notably, de novo nucleation by factors other than Arp2/3-complex would have to be accompanied by rapid association to or anchorage into pre-existing cortical filaments. Force generation is mediated by actin polymerization at the tip, presumably driven by the action of formins, and by crosslinking of parallel nascent filopodial actin filaments by actin-bundling proteins (green bars).
During later stages of filopodium protrusion, actin-bundling proteins such as fascin stabilize elongating actin filaments also in the shaft of the filopodium (red bars). Filopodium protrusion is positively and negatively regulated by filament elongation and actin rearward flow, respectively. Given that the rate of rearward flow in filopodia is more or less constant as observed in growth cone filopodia [35] , net filopodium retraction occurs upon reduction or abolishment of tip elongation. For the sake of simplicity, the potential function of myosins is not depicted. 
